TNT (2,4,6-trinitrotoluene) was the most common nitro aromatic explosive available in World War II ammunitions. The presence of ordnance dumped at sea might represent a great concern for marine species living close to dumping sites and the toxicological properties of the chemicals released into the marine environments need to be evaluated. The aim of the present study is to investigate the involvement of CYP (cytochrome P450) system in the metabolism of TNT in marine organisms by using the European eel [Anguilla anguilla (Linnaeus, 1758)] as model species. In vivo exposure to sublethal concentration of TNT (0.5, 1 and 2.5 mg/l) leads to a significant decrease in the phase I CYP1A catalytic activities such as EROD (7-ethoxyresorufin-O-de-ethylase) and MROD (7-methoxyresorufin-O-de-ethylase). On the opposite, a significant increase in NADPH cytochrome c reductase activity as well as phase II UDP-glucuronosyltransferase activity is observed. An inhibition at enzyme level is hypothesized for both CYP1A enzymes, also confirmed by a similar decrease observed after in vitro exposure. An active role of NADPH cytochrome c reductase and phase II enzymes in the TNT metabolism may also be hypothesized.
Introduction
TNT (2,4,6-trinitrotoluene) has been for many years the main component of conventional weapons. The release in the marine environment of this nitro aromatic explosive is mainly due to its leakage from rusted ammunitions dumped at sea. Since the First World War, a huge amount of unexploded conventional ammunitions have been discarded in the Mediterranean Sea [1] , and more recently their jettisoning into the Adriatic Sea was observed during the Kosovo conflict.
TNT may represent a great concern for marine species living close to dumping sites due to its toxic properties [2] and its persistency in the marine environment [3] , thus highlighting the need to identify toxicological pathways and in particular detoxification mechanisms able to reduce its toxicity to marine organisms. CYP (cytochrome P450) is the most important enzymatic system involved in the detoxification response to xenobiotics including nitro aromatic compounds [3] by phase I and phase II enzymes [5, 6] . Due to its high susceptibility to contaminants exposure, CYP is also considered one of the most sensitive biomarkers of exposure in environmental monitoring [7] . To date, only few studies investigated the potential involvement of CYP system in the TNT metabolism in aquatic organisms [8, 9] and no data are available for marine fish species. The aim of the present study is to investigate the involvement of CYP system in the metabolism of TNT in marine organisms by using the European eel [Anguilla anguilla (Linnaeus, 1758)] as a model species.
CYP modulation by TNT
The CYP1A subfamily plays a major role in xenobiotic biotransformation through a mechanism mediated by the AhR (aryl hydrocarbon receptor) whose binding to a xenobiotic leads to CYP1A induction, protein expression and enzyme activity [10] . The CYP1A1 EROD (7-ethoxyresorufin-O-deethylase) enzyme activity is considered the most responsive biomarker to xenobiotic exposure in fish species including eels [11, 12] .
In the present study, in vivo exposure to TNT produces a significant decrease in EROD activity after 6 h of exposure at the lowest concentration of 0.5 mg/l (P = 0.049, U-test) but no further decrease at higher concentrations of 1 and 2.5 mg/l was observed. A more significant decrease was also observed after 24 h of exposure (P = 0.033) but still with no dosedependence with increasing concentrations of TNT (Figure 1) . Only after 24 h of exposure, MROD (7-methoxyresorufin-O-de-ethylase) activity decreased significantly in TNT-exposed eels compared with controls at 0.5 mg/l (P = 0.043) and decreased no further at increasing doses of TNT (Figure 2 ). Comparing the two CYP1A catalytic activities, EROD enzyme seems more time-responsive to TNT than MROD that seems more sensitive to TNT (55% compared with 64% decrease for EROD and MROD respectively).
In mammals, EROD enzyme is known to be predominantly catalysed by CYP1A1 [13] , whereas MROD has generally been considered as a marker for CYP1A2 [14] . The existence of multiple CYP1A genes and dependent enzyme activities in fish species is still controversial [15, 16] . Two CYP1A genes with different sensitivities towards selected compounds [17, 18] have been identified in Anguilla sp., thus potentially explaining the difference in sensitivity and timeresponsiveness observed for EROD and MROD in TNTexposed eels.
A similar decrease in EROD activity has been already reported in TNT-exposed rainbow trout (Onchorynchus mykiss; formerly Salmo gairdneri) and a potential role as competitive inhibitor on EROD enzyme activity of TNT has been hypothesized [9] .
The in vitro study also confirms this hypothesis since a clear decrease in EROD activity is also observed in TNTtreated microsomes (Figure 3) . Furthermore, an irreversible mechanism might be hypothesized on the basis of the absence of recovery of EROD activity despite further adding of NADPH during kinetic assay [19] .
Several mechanisms by which TNT could lead to a decrease in CYP1A catalytic activities could be hypothesized. It is known that some nitroamines act as suicide substrates for CYP2B enzymes in mammals [4] . The absence of effects on both BROD (benzyloxyresorufin O-de-ethylase) activity and total P450 content observed in our study in TNTexposed eels seems to exclude a similar hypothesis. Again, an AhR down-regulation by TNT is in contrast with what we observed in our study. Some common CYP1A inducers such as TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) and PCB77 (3,3 ,4,4 -tetrachlorobiphenyl) are in fact known to act both as agonists and antagonists of AhR; this behaviour always exhibits an initial dose-dependent increase in EROD activity [20] , which was not observed in TNT-exposed eels.
The hypothesis of an inhibition only at the catalytic level for both EROD and MROD enzymes is also supported by the in vitro study and also strengthened by the irreversibility of the phenomenon after repeated addition of NADPH. The lack of a recovering of activity could be due to an agonist role of TNT in the catalytic site, thus leading to a competition with the specific substrate. This hypothesis is also supported by the absence of a dose-dependent inhibition and by the time-dependence of the phenomenon that could explain the highest effect observed in vivo compared with those observed in vitro.
TNT exposure led to a slight dose-dependent increase in NADPH cytochrome c reductase in eels. The enzyme is supposed to be involved in TNT metabolism in mammals [21, 22] . These studies, in fact, reported an active role of the hepatic microsomal NADPH-dependent system in TNT metabolism that leads to the formation of hydroxyl radicals and oxygenactive species such as H 2 O 2 . NADPH cytochrome c activity should lead to an increase in anionic nitro radicals and of phase II enzymes activity such as glutathione S-transferase or glutathione reductase, thus producing an oxidative stress. A significant increase in oxidative stress was reported in rainbow trout exposed to TNT [23] , thus suggesting a similar metabolic pathway also for fish.
Furthermore, a clear dose-dependent increase in the phase II enzyme UDPGT (UDP-glucuronosyltransferase) was also observed in TNT-exposed eels; an active involvement of UDPGT in TNT metabolism is reasonable based on the known ability of the compound to create glucuronide conjugates [23] and is supported by the reported increase in UDPGT activity also in TNT-treated rats [24] .
In conclusion, a CYP1A inhibition by TNT at CYP1A enzymes level (EROD and MROD) is hypothesized based on both in vivo and in vitro results. Regarding TNT metabolism, an active role of NADPH cytochrome c reductase and phase II enzymes such as UDPGT can be hypothesized.
The observed TNT effects on CYP system of eels take place at concentrations in the range of 96 h LC 50 values for fish species (0.8-3.7 mg/l) [2] , which are comparable with levels found in TNT-polluted areas [3] .
The findings of our study highlight the potential threat related to the presence of nitro aromatic compounds in the aquatic environment as the inhibition of CYP1A fish catalytic enzyme activities by TNT may result in a decreased responsiveness of the organism in detoxifying highly toxic contaminants such as dioxins and polychlorinated biphenyls.
